Abstract: Digital pens have been introduced over the last six years and have demonstrated that they can be used effectively for collecting, processing and storing data. These properties make them ideal for use in education, particularly in the marking procedure of multiple-choice questions (MCQ). In this report, we present a system that was designed to expedite the marking procedure of MCQ, for use at any educational level. The main element of the system is a digital pen, i.e. given to the students prior to the examination. On return of the pen, the system immediately recognises the students' answers and produces their results. In this specific research, four groups of students were studied and a variety of data were collected, concerning issues, such as accuracy, time gained by the use of the system and the impressions of the students. The pedagogic value of the use of the system is also presented.
Introduction
Over the last six years digital pens have been introduced to the general public as devices that would be useful to the average person, offering a wide range of capabilities, such as keeping notes and later converting them to e-format, automatically recognising handwritten text, creating drawings and instantly distributing them among a group, etc. (Mascord et al., 2008) . Although the introduction of the web and e-mail might have contributed to the achievement of the 'paperless office', in reality paper use has increased by an average of 40% in large organisations over the last eight years (Robinson et al., 1997) . People insist on using paper due to its physical properties (thin, light and flexible) as these make it easy to read, carry, fold and write upon. Also many people do not wish to get distracted by the technology used in e-storage media such as PDAs, smartphones, personal computers (PCs), etc. (Bridgeman, 1992) . The concept of the digital pen serves to bridge the gap between digital storage with all its advantages (physical space, indexing, retrieval and capacity) and physical paper, i.e. a more natural medium for written communication. Digital pens, much like ordinary pens, are light and portable, requiring very little power to operate while having a variety of means for connection to a computer, both wired (by placing the pen in its cradle) and wireless (usually using Bluetooth wireless system). A digital pen consists of an ordinary pen with the addition of a miniature camera close to the pen's tip and an advanced image processing unit. To operate, digital pens are used in conjunction with specially designed paper that includes microscopic grey dots, almost invisible at a reading distance. These dots are arranged in a pseudo-random pattern with different spaces between them. Each time the pen's tip scans over these dots, their pattern is read by the pen's camera and immediately recognised by the CPU of the pen. The change in the pattern indicates the specific route that the pen took as the image processor calculates the coordinates corresponding to each position in the entire pattern area. The series of points captured at 100 frames per sec is consequently converted to a line drawing, i.e. stored in the pen's memory for later retrieval (Figure 1 ). Note: The pen file (middle) will then be passed to the marking application.
The final step includes the pen communicating with a PC (either wired or wirelessly) and dumping the recorded information in the form of an '.xml' document containing both the attributes of the document (size, etc.) and the set of every pen stroke on the paper. This can then be manipulated using conventional means, stored, e-mailed, distributed, etc. The overall procedure is very accurate as the pen, and especially the dot arrangement in the paper, is specifically designed not to miss or misinterpret any information. A portion of 1.8 × 1.8 mm uniquely identifies the absolute pen position on a virtual canvas which covers an area exceeding 4.6 × 106 km2 (or 73 × 1032 A4-size pages), corresponding to half the Earth's surface area (Robinson et al., 1997) . The above properties make digital pens ideal for use in various everyday life applications, such as in hospitals to fill out forms, in industry to distribute e-notes and maintain a paperless office, for elderly people who lack the ability to operate a computer effectively and, most importantly, in surveys. In the latter, the conventional method requires a person to make a series of 'ticks' on a form and manual feeding the results into a PC for statistical analysis. Automated scanners are available in the market and are designed to perform a similar task using a combination of electrical and mechanical means. However, as it will be demonstrated later, digital pens have considerable advantages over those scanners. Today digital pens seem to be under-utilised in environments like schools and universities where the demand for such applications is clear: from primary schools to the first university years, multiple-choice questionnaires have been successfully used for decades (Furukawa et al., 2004; Jassar, 2004) . Current bibliography shows that the experts' opinion on the validity and effectiveness of multiple-choice questions (MCQ) seems to be divided with specific advantages and disadvantages being often mentioned (Kehoe, 1995) . Some of the advantages include:
• high reliability and decreased chance of error while taking and grading the test • less time spend by the student for answering the questions of each section, therefore, more sections can be included within a single examination thus testing a wider portion of the examinable material • lowering the chance of subjective interpretation of the questions by the students • producing less formatting mistakes as they only allow for one specific answer.
On the other hand, a number of disadvantages are also mentioned (Schouller, 1998 ):
• MCQs allow for pure guesswork while students are still able to get a substantial grade (statistically speaking, choosing random answers on an A/B/C/D MCQ will result in 25% correct answers).
• MCQs cannot account for students having partial knowledge of the question.
• Essays seem to be more suitable to test higher order skills (Hart, 2008) .
• There can be uncertainly if the exam is not set correctly and more than one answer seems to be on the correct side.
Nevertheless, the value of multiple-choice assessments has become increasingly popular as class sizes have grown, especially, in higher education (Presser, 2004) . Combined with the practical imperative to reduce the amount of time spent in assessing and providing feedback on work, the pedagogic arguments for their use have become clearer in two ways. Firstly, the analysis of learning outcomes, while, generally, taken to emphasise the importance of higher-level activities, such as evaluation and synthesis as the ultimate goals of higher education, also recognises the importance of earlier stages, such as the knowledge of facts. The systematic development of learning steps and assessment schemes that incorporate all levels of learning outcomes is a design feature informed by pedagogic principles relating to the setting of explicit subgoals and the motivational effects of success. Secondly, the early criticism of multiple-choice assessments -that they could only test factual knowledge -is no longer sustainable (Schouller, 1998; Schouller and Prosser, 1994) . Work by Bush (1999) and Breland and Gaynor (1979) demonstrates that it is possible to devise such questions which require higher levels of thinking over and above recall or (worse) recognition. At the same time, it is possible to avoid obstacles posed by language unfamiliarity and disabilities. Results of students tested in both forms; direct (essay writing) and indirect (multiple-choice questionnaires) were found to be comparable (Bridgeman, 1992) .
Furthermore, an essential aspect of ensuring that assessment supports learning (as well as providing the means to judge it) is the provision of effective feedback. A major characteristic of effective feedback is that it is timely; given soon after the assessment has been completed. Any system of assessment that speeds up marking with a concomitant reduction in delay in providing feedback to students is to be welcomed for sound pedagogic reasons (NSS, 2008) .
Obviously, not all disciplines benefit the same by the use of such techniques. MCQs were found to be more effective in areas that demand a more surface rather than a deeper strategy. In a sample of 248 university students, e.g., Smith and Miller (2005) found that psychology students were more prone to use essay methods of describing a concept rather than MCQs. Alternatively, business students in the same sample preferred MCQs as they seem to relate their thoughts easier. In general, Roediger and Marsh (2005) list the possible positive and negative consequences of a MCQ test and argue that disciplines such as engineering, medicine, business and certain language courses can more effectively use MCQ to their advantage rather than disciplines such as psychology, human studies and education.
By taking into account the above-mentioned technology, combined with the use of multiple-choice assessments in educational programmes, one can foresee an obvious application for using digital pens to assist with the marking of MCQ at any educational level. Ideally, the system would be highly accurate, should produce results instantly with the possibility of forwarding those results to the student, and would save time for both the marker and the student and finally, be easy to use.
The prototype system used in this study consists of a Logitech 'Io2' digital pen that connects to a PC through a cradle. The PC could accommodate any number of digital pens and through specially designed software reads, records and forwards the results when the pens are returned to the cradle ( Figure 2 ). The required specification for the PC is quite minimal. It is envisaged that an examination room could easily be equipped with a sufficient number of digital pens in order to conduct a multiple-choice examination, independent of any other technology (multiple PCs, scanners, internet, etc.). For this study, we used a Logitech Io2 that connects to a PC through a Universal Serial Bus (USB) port. We designed an examination paper having 80 questions which fitted onto a single sheet of paper. The paper was specifically designed for this Logitech pen and was readily obtainable from various sources. On this paper, a set of 80 answer areas (each having five square boxes representing answers A, B, C, D or E) were printed using either a jet or a laser printer (Figure 3 ). This method has previously been tested for any number of answers per page and also for more than one page per exam (Bastéa-Forte et al., 2007; Kolberg and Magill, 2006) . In this study, the test addressed first year university students, although the same principles apply for any educational level (Duder and White, 1971) . Students were given the MCQ on a normal piece of paper and were asked to indicate the correct answer on the specially designed answer sheet. No further instructions were given as to how they should proceed other than to indicate that if they checked on a wrong box, they should indicate their correct choice by checking another box and crossing out (put more strokes) in the wrong choice ( Figure 3 ). This allowed the identifying software to decide the correct answer based on which one had fewer strokes inside the box.
Figure 3: Sample answer sheets used in the marking study Note: They were designed using common word processing software and printed using special paper.
Four different groups of students (50 in total) took part in this study. At the end of the test, the students returned the pen to the operator who put it in the PC cradle; a procedure that took about the same time as students returning an examination script. Specially designed software based on Microsoft C# utilising the Logitech's Software Development Kit for the .NET framework was running on the host PC and automatically read the pen's data, recognised the responses, compared them with the correct answers and produced the results for each student. This file was then directly imported to an MSExcel spreadsheet for further processing by the academic staff. Finally, feedback on the overall procedure was obtained from the students. The questions on which they were asked to comment included: ease of use, problems faced, overall feeling compared to conventional methods and any distraction felt as a result of the new technology.
Design elements
A communication protocol had to be defined for transferring the examination data (usually stored on paper or other software) to the marking application. Following the guidelines of modular programming, we initially introduced a blueprint of the information that needs to be transferred between the different modules and chose XML as a standard for object serialisation. Two basic objects ExamInfo (examination definition file) and ExamList (participants definition file) were identified as the source of data needed to initiate the marking application (Figure 4 ). ExamInfo can be considered as a digital version of the actual exam paper. It keeps the course code, name, examination date and the correct answers for each question. Alignment coordinates are also provided (GraphStartX, GraphStartY, GraphOffsetX, GraphOffsetY) and were used by the image analysing algorithm to match student answers to questions. The second basic object ExamList provided a match of pen ids to each student using the pen ( Figure 5 ). This file had to be generated just after handing all the pens to the students. The marking algorithm would then use this serialised list to match the downloaded stroke files to student numbers and produce the final scores.
To initiate the marking procedure there were two main sources of data: The ExamInfo and ExamList XML files that describe the questions and answers set along with the list of candidates and the downloaded pen files that were generated from the digital pens passing from the cradle. Then these have to be stored in appropriate objects that will provide interfaces to the application engine for data retrieval and parameter passing.
Following this two core functions were designed: the first is the one that will handle the exam data, read the correct answer to each question and retrieve the student names for every pen id number in the pen files. The second is the marking algorithm. Every pen file passed from the file system has to be analysed by this function stroke by stroke to produce the list of the candidate's answers and then compare those to the correct ones that are provided by the exam handler.
The marking algorithm
It was clear from the early steps of this project that coding the marking algorithm would be biggest engineering challenges. After considering the available options a decision was made to develop a new technique that would strongly be based on the Logitech Software Development Kit. An exam answer sheet was printed on Logitech special paper by simply enumerating the question from 1 to 80. On the right of each question number, we printed the available options separated by square brackets that would create some space necessary for the final recognition.
The final output follows:
In the final template, we chose to add a space character on the left and the right of each option letter to allow more space for the input. This was decided to improve on the fact that small spaces found in existing optical readers require concentration on the paper and increase the probability the input error if the student runs out of time and is rushing.
One more advantage of this format is that it allows layout changes or number of questions due to its simplicity. The final setup came with a fixed 80-questions form printed in two columns on the same page but provision is made to accommodate different number of questions (this will be explained further in the following chapters). The next step was to gather input data from the pen file and overlay those onto a virtual grid, i.e. constructed by covering each option with a virtual rectangle. The marking process has assigned each possible answer to a rectangle area by reading the calibrated four coordinates from the ExamInfo XML file. An example of this follows:
The above code describes a grid with the upper left corner on coordinates (x = 22, y = 94) and each rectangle being 34 units wide by 22 units high. The algorithm also knows the number of options (5) and the number of questions (80) so the entire grid is constructed in an object structure where all grid cells are stored as rectangle object.
The marking algorithm will now parse through the stroke list on the pen file object ( Figure 6 ). For each stroke, a path is constructed and the exact rectangle area surrounding this path is calculated. Then the intersection of this area and the stroke area is calculated to produce a hit or miss reply. C# provides a generic function for intersecting rectangles that accepts two input object and returns the area of the intersection (or zero if they do not intersect).
Each time a result is found, the algorithm will populate a summary list (Figure 7) . The fields displayed on the first line from left to right are: Figure 6 : The virtual grid in the marking algorithm The key values in identifying accidental pen strokes are the number of point per stroke and the area size of the recognised stroke. In Figure 7 /Question 5 on the right, we demonstrate a case when there is more than one stroke identified inside the answer boxes area The algorithm can correctly identify answer A as the entered value by comparing the area and number of point between candidate strokes (candidate A = 13 points/70 units area size against candidates in box D).
Results
The results were analysed in terms of accuracy, time, security and user feedback. Accuracy and time taken were compared with manual marking of the examination.
Accuracy
The overall accuracy of the system was 100%. Over the sample of 50 answer sheets that were handed in by students, there were no errors and no discrepancy between a student's answers and the computer's recognition of the answer. The examination answer sheets were also marked by conventional means so that the digital pen accuracy could be compared with manual accuracy. In this case, on 50 scripts with 80 questions each, there were a total of 4 initially misread answers by the person marking the scripts manually.
The situation can be improved by printing the model answers on a transparency and placing them on top of the exam to make right/wrong identification easier and faster. In general, the manual marking of MCQ results in an accuracy of about 98-100% (Presser, 2004) .
Required time
The time needed from the moment the student placed the digital pen into a cradle until the moment the results were produced was about 1-2 sec using an average PC. This time would be considerably longer using manual means. Although no strict record of this was taken, it was estimated that an 80-question examination would take a minimum of 4 min to mark and would require the full attention of the marker.
Security
In theory, the security of the system should not be an issue as, in our study, we used wired rather than wireless technology. This means that the pen uniquely identifies itself and cannot be duplicated or tampered with. The possibility of students swapping digital pens between them is dealt with using various solutions described below.
User feedback
All students participating in this test agreed that it was an interesting, original and helpful application. Most of these students had an engineering background. They were mainly interested in having their results returned as soon as possible and thus avoiding long waiting periods of uncertainty. As indicated above, delay in the provision of feedback is a common and ongoing complaint of higher education students (Hogan, 2007; NSS, 2008, q.7) . A large majority of students reported that the system was easy to use (94%). When asked for explanation of their negative response, the remaining 6% gave a strong indication that they felt somewhat alienated towards this kind of technology and compared it with other hi-tech modern gadgets (mp3s, smartphones, etc). Students also reported that they had no major issues with the technology behind it or with its use (96%) and that they had a positive feeling towards this technology as it would expedite the production of their grades (100%). Upon the matter of how much they trusted the fairness and accuracy of the automated marking, 99% answered that they would not consider appealing with regard to such a procedure. Finally, they reported that, although at the beginning they felt a bit distracted by the technology, they soon regained their focus and were able to concentrate on the exam questions (100%).
Three problems had emerged during a pilot procedure and these had been addressed as discussed below.
Change of mind
Sometimes students change their minds about what the right answer is and tick a second answer, smudging their original choice. This creates a problem even when using conventional marking and it certainly created a problem during the pilot stage for this study. It was found that it would be easier to instruct the students to mark any wrong choice with more strokes (cross it out) than their final answer. The software was then developed to compare each possible answer box and disregard the answer(s) that were bolder (Figure 8 , line 65). Note: 'C' is considered as deleted after four stokes were detected. The dot on 67-C is dismissed as the rectangle area around the stroke is below threshold value.
Accidental writing
Sometimes students playing with the pen left a tiny mark, a dot, on one of the boxes without realising it. To deal with these potential problems, the software created a threshold level below which no answer is taken into account (a single dot would be dismissed). (Figure 8 , line 67C and Figure 9 , line 67). Note: The intersection of this area to the stroke area is calculated to produce a hit or miss response.
Handwritten text
Digital pens also have the ability to read and convert handwriting into text. This could have been, particularly, useful as the student names and numbers could have been recorded automatically without any human intervention. However, previous experience has shown that due to the wide variety of hand writing styles, the outputs would suffer from great inaccuracies. In our research, the option of recognising handwritten text was not used. Instead, the operator of the system would either manually log the results to a specific student or have each student assigned with a specific digital pen's code, before commencing the examination.
Discussion
This research examined whether using the proposed system would expedite the marking procedure, while maintaining (or even improving) the accuracy, compared with using conventional marking methods and whether combining this technology with the use of MCQs would have any pedagogic advantage.
Through the results described above, it was clear that the system would be beneficial as it reduces the processing time of an examination considerably while increasing the accuracy by avoiding common causes of human error such as fatigue induced by large marking loads. Even though the system performed accurately, it is recommended that, at least in the first stages of its potential rollout, there should be some random sampling of exam scripts accompanied by manual marking to ensure reliability. Furthermore, in order to increase security, the student should be required to write his/her name and student number at the top of the page (Figure 3 ). This would ensure that in the worstcase scenario, the exam can be marked manually while having all the necessary information on the same page. It will also act as a fail-safe mechanism in the case that students might switch digital pens between them: when the pen is returned to the cradle, the handwritten text (student's name and number) will be visible on the operator's screen for verification purposes.
As mentioned earlier, the developed software also contains a web-based application that would allow student to directly login and get their results (either as a total score or by having each of their answers indicated as 'correct' or 'incorrect'). The latter option provides some level of feedback, which is much appreciated by students.
During the latest stage of the system development, two more modes of feedback were developed: the first takes into account the student's answer and in case it is wrong, provides the student with the correct answer and the relevant section of the book/teaching notes that demonstrate the correct answer (e.g. a paragraph of the textbook that directly relates to the question set in the exam sheet). This, however, assumes that the teacher/lecturer has prepared the appropriate sample answers for each question. The second is, somewhat, more complicated and identifies areas of weakness to the student's answers. The software looks for incorrect answers to questions within the same learning area and provides a more conventional type of feedback. For example, in a mathematics exam the software will run a routine like:
IF q23 NOT EQUAL correct AND q32 NOT EQUAL correct AND q47…THEN DIPLAY comment
If this routine identifies that the wrong answers are mostly in the geometry section, it can automatically create a comment like 'There seems to be a weakness in the area of geometry. Please revise pages 45-52 from the textbook'.
Finally, these results can be produced in such a format that would allow direct input into the student record without any human intervention throughout the whole procedure ( Figure 11 ). However, there might be administration conflicts with this option as, usually, in higher educational levels, exam results have to be validated by an Examination Board before being formally recorded. The system can be deployed in a large-scale classroom (irrespective to the number of students) needing one invigilator and a cradle connected to a single PC. An all-wireless system based on Bluetooth digital pens can also be developed by slightly modifying the software. Students can wirelessly transmit their result while still sitting at their desks during the exam. This solution, however, might lead to networking problems (there would be some level of interference between the digital pens that would limit their nominal range of about 10 m radius) or even loss of property; a problem not faced in the wired method as the student has to return the pen in order to log his/her results.
For the wired solution, and as the number of students increases to more than 15-20, more than one computer should be available to avoid long queues after the exam. All computers will be feeding the data to the same database so there is no limitation as to the number of wired cradles/computers to be used. The scenario differs for the wireless (Bluetooth) solution as the many-to-one network established (many digital pens to one receiving station) is self-configurable: Bluetooth networks only allow one transmission at a time, putting the rest of the stations in a queue. As the digital pen transmits data of an average exam sheet in a few milliseconds, it only takes a few seconds to complete the transmission for a class of 30 students (Figure 10 ).
Along with the technical advantages of the system, there are considerable pedagogic advantages:
• Students using the proposed system would receive an almost immediate feedback allowing them to restrategise their studying and fill in their educational gaps quicker. Moreover, if the set up of the exam allows for specific feedback to be released to the student in the form of 'there seems to be a weakness in the area of…', the student can quickly and timely concentrate on that area.
• Timely feedback also leads to increased student satisfaction as the student feels as being 'looked after' by the educational organisation. This increases the chances of the student reciprocating the gesture thus behaving more professionally towards deadlines. The objective is for the students to feel that if the educational organisation went to that length to provide them with quick and accurate feedback; it would only be fair to be prompt and punctual themselves.
• Furthermore, since the system is automatic and fully computerised, the possibility of error is very close to zero. This will lead to students feeling less anxious and doubtful towards the results and will eliminate any suspicion that an examination marker might have been biased towards them.
• Such a system, if properly designed, will decrease the chance of a student cheating during an exam by introducing objects like already filled-out pieces of paper, pens/pencils/rulers that might include forbidden material. The system only allows for specific papers and pens to be used without the need for any other objects to be present in the examination room. Students, therefore, are more likely to concentrate on the exam itself using the best of their abilities while being less tempted to waste time experimenting with ways to cheat.
• Finally, valuable and timely feedback can also be given to the teacher/lecturer, instantly identifying areas that most students did not do well. A post-processing of all the results yields for a three-dimensional table to be created (question number x choice x student number). Mistakes appearing with increased frequency yield for a topic that was probably not sufficiently understood by the class.
A final thing to mention is that automatic optical readers are not something new, as they have been used for decades. However, when compared with existing technologies, digital pens outperform both the use of optical readers and online multiple-choice tests. Optical mark readers have, traditionally, been used to automate the marking procedure of multiple-choice questionnaires; in particular, this has been the case in the public sector including the army and large commercial organisations, such as banks (Haag et al., 2006) . The system investigated here ranks at a similar level of ease and accuracy, compared to the optical reader. Both have an initial cost of about £2,000 and produce results with similar accuracy and speed. Digital pens, however, are considered more flexible as they support open-source software that allows for a faster reconfiguration of an examination format (number of questions, exam layout, inclusion of figures and schematics to be completed by the student). They are also more secure (pens are student-aware since, during the exam, every digital pen's unique ID corresponds to a student's ID) and allow for a change of mind of the student. Optical readers require the student to use an eraser which has a high potential for creating false-positives.
Online tests, on the other hand, require a class with a number of PCs matching the number of students. It is clear that the cost of each PC is considerably higher than the cost of a digital pen. The availability of large examination rooms equipped with PCs for each candidate is not widespread due to the high cost of provision. Furthermore, there are security considerations as there could be information stored or available for access within this PC to which students should not have access during the examination. Finally, using a traditional method of pen and paper tends to distract the student less than following the instructions of custom designed software on a PC screen.
The cost of the digital pen system is quite modest. Each digital pen, along with the cradle costs about £60-70. Any low-end networked PC having a USB port can be used as a host. Thus the overall cost of the system deployed on a 30 student class would be around £2,000-2,500. One lecturer would take an average of 2-3 hr to mark an 80-question multiple-choice-based exam for a class of 30 or more students. It is, therefore, anticipated that the system will cover its expense after about 25 cycles of exam marking.
Conclusion
This study has demonstrated the use of a technologically enhanced system for automatically marking multiple-choice-based exams. Investigation of the system in practice showed that it reduced the time needed to mark examination answers to almost zero, while having almost 100% accuracy (higher than expected from a person performing a similar task). The system also demonstrates some advantages in pedagogic and didactic aspects, desirable both to the students and the teachers. Feedback from the students also showed that the system had attractive properties (friendly, easy to use) and its technology did not distract the user. Its cost is relatively low and it can compensate for its expense in a short period of time.
Overall, the system's properties make it a desirable tool when used where multiplechoice examination can provide a pedagogically valid method of assessment.
